Abstract
INTRODUCTION
Highway bridges are part of the lifeline infrastructure of urban environments and are designed with the expectation that they do not sustain significant damage and maintain their functionality even after major disasters such as major earthquakes [8] . During the last three decades, however, bridges designed according to seismic design codes were observed to occasionally show poor performance during major earthquakes [4] . Current methods of bridge analysis [8] are based on a single ground motion excitation which neglects the effect of the predamaged state of the bridge during sequential earthquake events which can be due to a series of mainshocks after mainshocks or combination of mainshocks and aftershocks, or both. Bridge structures are mainly designed to function for a life-span of 50 to 75 years [8] ; in seismically active regions, bridges may experience more than one earthquake event during their lifetime. Based on these observations, not only the fragility curves need to be updated after the structure is exposed to a significantly intense earthquake, but decisions such as inspection, reevaluation, and repair need to be made to ensure and maintain the serviceability of the structure in future events.
Structures are likely to undergo multiple seismic excitations; this could be from a sequence of mainshocks, or mainshock and aftershocks. FEMA 352 [2] is among the first studies that investigated the effects of aftershocks on buildings; it focuses on the inspection of the postearthquake damage by generating a hazard curve for damaged buildings subject to aftershocks. The main assumption in FEMA 352, however, is the independence between the mainshock shock and aftershock ground motion intensities. Yeo et al. [3] proposed a method of Aftershock Probabilistic Seismic Hazard Analysis (APSHA) in a similar manner of the traditional Probabilistic Seismic Hazard Analysis (PSHA) but taking the elapsed time between two events into consideration and assuming a non-homogeneous Poisson process. Furthermore, Amadio et al. [1] compared the effect of a single seismic event on intact single-degree-of-freedom (SDOF) system with the effect of repeated seismic events. They concluded that exposure to multiple seismic events results in a reduction in the collapse capacity as well as the capacity indicator of other damage limit states. Ruiz-Garcia et al. [4] investigated nine bridge models with 28 mainshock-aftershock excitations and concluded that the lateral drift demands are increased under scaled seismic sequences but do not significantly affect the highway bridges due to the inherent overstrength. Ghosh et al. [5] studied single column box girder bridge located near the San Andres Fault and assessed the damage accumulation under two scenarios: repeated mainshocks and mainshock-aftershock sequence. They used the Park and Ang damage index [19] which accounts for both ductility demand and dissipated hysteretic energy, as the damage measurement. They showed that for both scenarios, a significant increase in the probability of exceedance of damage index is plausible. Though there have been several studies on the effect of earthquakes sequences on structures, none of them took into account the randomness of the events along with the correlation between the consecutive events. Most importantly, in these studies, the earthquake processes are represented by distributions such as Poisson which inherently considers independence between the amplitude of the consecutive ground motions which is not necessarily true.
This research focuses on the evaluation of the performance of two highway-bridges of Southern California under a sequence of up to three seismic events considering the seismicity of the region. In this study, site-based simulated ground motions are used to conduct the NonLinear Time-History Analysis (NLTHA) of bridges. The simulated ground motions are generated through a data-driven model ( [14] , [15] ), denoted as the DRD model. Using Cybershake Forecast Model (UCERF2) database [17] , the ground motions for a time-span of 100,000 years are generated for three sites in Southern California through the DRD model. Finite Element models of two real RC bridges located in southern California are adopted for the study. The seismicity of Southern California is modeled using time-series Auto-Regressive Integrated Moving Average (ARIMA) model. The data to model the seismicity of the region is obtained from NGAWEST2 database [12] . The model is fitted to the data of RotD50 Spectral Acceleration (Sa) at the first mode period of the bridges used in this study and observed during the past 75 years (i.e., 1945 -2019 ). An ARIMA model is fitted to the data and 100 realizations are representing Sa sequences of the past 1000 years are simulated; three consecutive points of each ARIMA are randomly selected as the target Sa for the ground motions to be generated.
From the ground motions generated as per Cybershake scenarios for the 100,000 years using the DRD model, ground motions having the similar Sa as determined from the simulated ARIMA process are used for the statistical analysis. A maximum of three consecutive ground motions are applied to the bridge models, and the obtained EDPs are used to deduce conclusions on the effect of the sequence of ground motions on the performance of bridge structures.
BRIDGE MODELS
Two California representative R.C. highway bridge structures are selected for the statistical analysis. Table 1 includes the details of the two ordinary bridges with seat-type abutments. The modeling of the bridges is conducted in Opensees [6] . The models comprise of seat-type abutments, shear keys, column bents, elastomeric bearing pads, backfill soil, and superstructure. The concrete and steel used in modeling have a compressive strength fc` = 5.0 ksi with a modulus of elasticity Es = 4030.5 ksi and tensile strength = 68 ksi with a modulus of elasticity Es = 29000 ksi, respectively.
The superstructure is modeled with elasticbeamcolumn element using uncracked section properties. To capture the dynamic response accurately, the mass of the superstructure is distributed throughout the length of the deck with each span`s mass being distributed in ten intervals. The bridge columns are modeled using beamwithhinges element (two gauss integration points) with fiber-discretized cross sections to model 1) confined concrete for the core, 2) unconfined concrete for the cover and 3) steel rebars. The plasticity of columns is concentrated at two plastic hinges at the opposite ends connected through a linear elastic element. The cap beam is modeled as a rigid bent using elasticbeamcolumn element with high torsional, in-plane and out-of-plane stiffnesses. The concrete and steel are modeled using concrete01 and steel02 materials of Opensees, respectively. The base of bridge A and bridge B are simulated as fixed and pinned connections, respectively, with the stiffness of connections arising from piles beneath. The piles under the bridge columns are modeled using elastic springs with the horizontal stiffnesses [7] .
Shear keys are designed and modeled in a brittle/isolated manner using the hysteretic spring model available in Opensees [6] . The model is defined with a trilinear backbone curve. To determine the area of vertical reinforcement ( ), the shear key is designed as per Caltrans SDC 1.7 [8] . As detailed in the experimental observations of [9] , the strengths and stiffnesses of the initial, hardening and softening parts of the trilinear backbone curve are determined using the two states of isolated shear keys: 1) shear resistance at first sliding and 2) ultimate sliding shear resistance right before the rupture of the dowel bars with an assumption of a smooth construction joint
The model of abutment comprises of 1) abutment piles, 2) backfill soil and 3) elastomeric bearing pads. Piles of the abutments are modeled through a trilinear hysteretic spring model in Opensees with the backbone curve defined as per [7] . The backfill soil is modeled using the hyperbolicgapmaterial material of Opensees [6] with a Generalized Hyperbolic Force-Deformation (GHFD) backbone [10] . Hence, the active resistance of the abutment is provided by the piles while the passive action includes resistance due to the piles and backfill soil. The parameters described by [11] are used to model the elastomeric bearing pads using the steel01 material. The longitudinal behavior of the abutment is modeled using five springs in parallel connected by a rigid link while the transverse behavior is modeled using one spring on both ends of the abutment. 
METHODOLOGY
Recurrence of earthquakes and their magnitude depends on the accumulation and release of seismic strain energy processes generated in the source. This process generally follows the energy balance principle; that is, the energy is stored and continues to accumulate in the seismogenic zone until it radiates around the fault and eventually gets dissipated. Consequently, the intensity of the sequence of earthquake events, which has different Intensity Measures (IM) such as Peak Ground Acceleration, Peak Ground Displacement, Spectral Acceleration, etc. should exhibit a certain time series pattern that includes random error terms as well as a dependency on the intensity of the previous events. The Intensity Measure (IM) used in this research is as per the current state of the art, RotD50 Spectral Acceleration at the first mode period of the bridges, which is termed as Sa in this study.
To capture the sequential intensity pattern of earthquake events in Southern California, an Autoregressive Integrated Moving Average (ARIMA) time-series model is adopted. The ARIMA process can be split into three parts: 1) Autoregressive (AR) part, 2) Moving Average (MA) part, and 3) Integration (I) part. Autoregressive (AR) model of order p, abbreviated as AR(p), is based on the idea that the current value of the series, xt, can be explained as a function of p past values
, where p determines the number of steps into the past needed to forecast the current value [13] . While, Moving Average (MA) model of order q, abbreviated as MA(q), assumes the white noise components , , ,
, for past q observations can be combined linearly to form the current value of the series, xt [13] . In many situations, time series can be thought of as being composed of two components, a nonstationary trend component, and a zero-mean stationary component. Differencing such a process will lead to a stationary process. The differencing or integrating of order d is represented as I(d), where d represents the number of times the series is differenced. Hence, it is understandable that the first difference (d = 1) is an example of a linear filter and eliminates linear trend, the second difference (d = 2) eliminates quadratic trend and so on. An ARIMA of orders p, d, and q for AR, I, and MA parts, respectively, is abbreviated as ARIMA (p,d,q). The process can be concisely expressed as Eq. (1), wherein xt is the current observation of the series, wt is white noise with zero mean and variance , and B , , , and , are the Backshift Operator, Difference Operator, Mean expression used when the mean of the stationary series is not zero, Autoregressive Operator, and Moving Average Operator , respectively as expressed in Eq (2) to (6) [13] . In these equations , , . . ., and , , . . ., are constants for AR and MA parts, respectively.
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Using the NGAWEST2 database [12] , ground motion records of past 75 years of the area are obtained for the seismic region centered at Downtown Los Angeles within a radius of 40 kilometers. The data consists of both mainshock-mainshock and mainshock-aftershock earthquake sequences, with a total number of 127 ground motions arising from 43 Earthquake events. If the ground motions are arising from the same mainshock or aftershock, and are recorded at multiple stations, only the record of the station closest to Downtown Los Angeles is used to train the ARIMA model. For each ground motion, the value of Sa at bridge's first mode period is obtained, hence a series of 127 distinct Sa values is used as the representation of seismic hazard for the Southern California region and a time-series analysis is conducted on this data. Three CyberShake sites including LADT, PAS, and CCP, are selected for this study, for which the logarithmic Sa series is normalized using the RotD50 Spectral Acceleration of Uniform Hazard Spectrum (UHS) of the site at bridge's natural period; each combination of bridge and site is treated separately. The logarithmic normalized Sa series is hereby denoted as ln(Sanorm) and RotD50 Spectral Acceleration of Uniform Hazard Spectrum (UHS) of the site at bridge's natural period is denoted as Sahazard. The normalization is conducted by multiplying each value of the Sa series by a Normalizing Factor (NF) equal to the ratio of Maximum Sa value of the series (Samax) and Sahazard. This is done to achieve the maximum value of the Sa series equal to the Sahazard, while the other Sa values in the series are adjusted proportionally. Various ARIMA models are fitted to the normalized ln(Sanorm) series and evaluated by the average of the model selection parameters Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC). These measures are carefully chosen to test the goodness-of-fit as they penalize the addition of each predictor (complexity) that is included in the fitted model. Hence, unless the addition of a predictor/feature produces a better predictive equation, these measures tend to support the models of a lower order. AIC [13] and BIC [13] are estimators of the relative quality of statistical models for a given set of data and provide a means for model selection. Unlike other statistical measures, AIC and BIC are founded on information theory and models that minimize the information loss are considered to be of higher quality. Given the number of data points (n), the number of the estimated predictor (k) and the maximum value of the likelihood function ( ) for the model, the AIC and BIC values of a model are calculated using Eq. 7 [13] and Eq. 8 [13] , respectively. Among all the candidate models, the model that minimizes the average of the AIC and BIC values, is selected as the true model. Based on this, ARIMA (2,1,0), i.e Integrated AR (2), model is observed to be the true model for the normalized ln(Sanorm) series. The model is further assessed by evaluating the residuals of the fitted model using the Autocorrelation Functions (ACF), Q-Q plot [13] and Ljung Box Test [13] , results of which are given in the Figure 1 . It can be observed that the ACF of the residuals lie well below the bands of white noise stating that the residuals are in fact not further modellable. Figure 1 , intends to accept the Null Hypothesis. Lastly, the Q-Q plot also tends to follow a linear relationship thereby accepting the assumption of normality. Using Cybershake Earthquake Rupture Forecast scenarios and the site-based DRD simulation model [14] [15], around 10,000 ground motions are simulated for each of the three sites for a time-span of 100,000 years. The DRD model is a parameterized stochastic model which generates ground motion in the two orthogonal horizontal directions. The model is developed by matching the major characteristics of recorded ground motions of California which include, near-fault effects of directivity and fling step; temporal and spectral nonstationarity; intensity, duration, and frequency content characteristics; directionality of components; and the natural variability of ground motions. The model also accounts for both pulse-like and non-pulse-like cases, especially in near-field stations. Thus, the DRD model generates an 'observed' set of model parameters for different earthquake source and site characteristics. The model is bifurcated into two parts by Rrup. For generating near-field ground motions using [14] , the input parameters include: type of faulting (F) i.e Strike-slip faults or Reverse and Oblique faults, moment magnitude (Mw), depth to the top of rupture plane (ztor), closest distance between site and the fault rupture (Rrup), shear wave velocity of the top 30 m of soil at the site (Vs30), directivity parameter (s or d) and directivity angle parameter ( or ).
And for simulating far-field ground motions using [15] , the input parameters include: type of faulting (F) i.e Strike-slip faults or Reverse and Oblique faults, moment magnitude (Mw), closest distance between site and the fault rupture (Rrup) and shear wave velocity of the top 30 m of soil at the site (Vs30). All these required input parameters along with the probabilities of ruptures are acquired from the Cybershake Earthquake Rupture Forecast scenarios for each site for 100,000 years' time-span, thereby simulating around 10,000 ground motions for each site. Using the fitted ARIMA (2,1,0) model, for each selected site, 100 realizations of the ARIMA processes representing 1000 years are simulated, which represent the normalized ln(Sanorm) for 1000 years' time-span. Then using the inverse exponential operation and denormalizing by multiplying 1/NF, the simulated ARIMA series is transformed into linear Sa series. This is done to account for the logarithmic nature (lognormal distribution) of the intensity measures (Sa) as well as to avoid generation of negative values for Sa due to the random nature of the white noise in the ARIMA model. The transformed ARIMA series is hence a random simulation of the Sa based seismicity of the site. The example ARIMA processes are shown in Figure 2 . Then for each simulated ARIMA series, 1 data point out of the 1000 points is randomly selected along with the following next two consecutive data points. In other words, a consecutive three-point series is extracted from the simulated ARIMA series of Sa. This is assumed to represent a sequence of three ground motions with Sa values same as that of the selected values of Sa from the ARIMA series. Once the linear-scaled de-normalized three-points Sa series is obtained, the three Sa values are compared with the Sa values of the ground motions simulated via DRD model for 100,000 years for the same site. Three ground motions with the identical Sa values are selected and are arranged in the same order as the threepoint Sa series. The three consecutive ground motions are then applied to the two R.C highway bridge models in OpenSees software in the following four sequences decided based on the decision tree illustrated in Figure 3. I. First sequence of ground motions, denoted as GM1-2-3, consists of time histories of all three selected ground motions concatenated together with an n number of zeros added for the padding after each time history, where n is equal to the number of time steps representing a time length equal to 10 times the period of the bridge.
II. Second sequence of ground motions, denoted as GM1-2, consists of time histories of first and second selected ground motions concatenated together with an n number of zeros added for the padding after each time history as described in the previous step.
III. Third sequence of ground motions, denoted as GM3, consists of the time history of only third selected ground motion.
IV. Fourth sequence of ground motions, denoted as GM2, consists of the time history of only second selected ground motion.
The decision tree in Figure 3 is built based on the decision of repair or non-repair after experiencing a ground motion. After the occurrence of GM1, a decision is made to either repair the bridge or otherwise (i.e., not repair). This leads to the application of GM2 in two scenarios: GM1-2 and GM2. Similarly, after the application of ground motions 1 and 2 in sequence, it is decided whether to repair the bridge or otherwise. This leads to sequence GM1-2-3, when not repaired, and GM3, when the bridge is repaired after GM2. Hence a total of four ground motion sequences are considered in this study: GM1-2-3, GM1-2, GM3, and GM2. The ground motion sequence is limited to three number of shocks as it is assumed that the bridge will be retrofitted after undergoing three consecutive ground motions. The Non-Linear Time History Analysis (NLTHA) of the two bridges is conducted by rotating the two orthogonal components of the selected ground motions through 180 degrees in an interval of 9 degrees. The median of maximum response in each direction (Rot50CDR) is obtained and used as EDP. In this study the EDP of Column Drift Ratio (CDR) is termed in the form of RotppEDP, where Rot indicates the rotation of ground motion components, pp indicates the percentile value used for the measure (e.g. "00", "50" and "100" correspond to minimum, median and maximum values, respectively; the median value will be the commonly used measure in this study), and EDP indicates that the measure is an EDP (i.e., Column Drift Ratio CDR). The EDP used in this study is the median bridge column drift ratio, hence denoted as Rot50CDR. In each of the four sequences, comparison of EDP is made in the form of the ratio of EDP obtained after damage due to initial ground motions of the sequence (termed as Rot50CDRiD) and EDP obtained after no-damage (i.e. repaired) bridge (termed as Rot50CDRiND), where i represents the last ground motion applied to the bridge. This means, for example, Rot50CDR3D represents the Rot50CDR obtained due to the third ground motion after the first two ground motions are applied in sequence (i.e., GM1-2-3). This is comparable to Rot50CDR3ND which represents the Rot50CDR in the no-damage state which is obtained due to applying only the third ground motion (GM3) portraying that the bridge was repaired after the second ground motion. Similarly, Rot50CDR2D represents the Rot50CDR obtained due to the second ground motion applied in a sequence to the first ground motion (i.e., GM1-2). This is comparable to Rot50CDR2ND which represents the Rot50CDR obtained only due to the second ground motion (GM2). This is illustrated in Figure 4 where column displacement response (u) in two orthogonal directions (x and y) is combined to determine the EDP i.e. Column Drift Ratio (CDR) and compared due to two ground motion sequences GM1-2-3 (Sequence I), representing damaged state, and GM3 (Sequence III), representing the not-damaged state. It should be noted that this illustration is based on one ground motion intercept angle. Hence the term Rotpp is not used. The comparison of the EDPs from the four ground motion sequences is done to highlight the effect of repairing the bridge structure after a shock. (i.e., reduction of EDP after the repair). This whole process is repeated for the 100 simulated ARIMA processes for all the three sites. Finally, the data obtained from the application of the four ground motion sequences for the 100 simulated ARIMA processes for the three sites are clubbed into two groups. The first group consists of the ratio of the damaged EDP with not-damaged EDP and the IMs for the sequences I and III, while the second group consists of the ratio of the damaged EDP with non-damaged EDP and the IMs for the sequences II and IV. IM used in this study is the Cumulative sum of SRSS of the Arias Intensities, termed as I0, of the two orthogonal components of ground motion, where SRSS of Arias Intensity is the integral ; represents the ground acceleration at time t in i th orthogonal direction, and tmax represents the length of the accelerogram [18] . Since, the Arias Intensity represents the energy of the ground motion, for the sequences of more than one ground motion, it can be said that the total energy is the summation of the individual Arias Intensities of the ground motions. Hence, group 1 contains the data for the ratio of Rot50CDR3D/Rot50CDR3ND and summation of I01 + I02, and group 2 contains the data for the ratio of Rot50CDR2D/Rot50CDR2ND and I01.
Due to the random nature of selecting the ground motions, some of the ground motions are selected from a very low IM zone of the simulated ARIMA processes which consequently result in an insignificant RotD50CDR. Hence, to include only the significant RotD50CDR in the statistical study, the data corresponding to a RotD50CDR of greater than 0.1% in at least one of the four sequences is considered. A linear regression model is used to fit the EDP ratio vs. the IM plot, which can be used to predict the RotD50CDR ratio (hence the increase in the EDP) due to an unseen event, given the Arias Intensities (IM) of the previous one or two ground. The results of the regression functions are provided in terms of both mean value point estimate and the probability of exceeding a certain level of RotD50CDR ratio condition on the Arias Intensity of the causative ground motion sequence. Figure 6 and Figure 7 demonstrate the results of Bridge A, where the predicted variable ratio of Rot50CDR3D/Rot50CDR3ND is plotted versus the predictor, summation of I01 + I02 and Rot50CDR2D/Rot50CDR2ND versus I01, respectively. Similarly, Figure 8 and Figure 9 show the results of Bridge B, where the predicted variable ratio of Rot50CDR3D/Rot50CDR3ND is plotted against the predictor summation of I01 + I02 and Rot50CDR2D/Rot50CDR2ND versus I01, respectively. To illustrate the effect of the numerator EDP (Rot50CDR for the damaged bridge) and the denominator EDP (Rot50CDR for the repaired bridge), the marker size and the color of the circles are tuned based on the magnitudes of the corresponding data; the marker size is based on the numerator EDP value (Rot50CDR for the damaged bridge) where larger size denotes larger EDP and marker color shade portrays denominator EDP (Rot50CDR for the repaired bridge), where darker shade represents larger EDP. Figure 5 shows the indices of the marker size and the color shade corresponding to the value of numerator EDP (Rot50CDR for the damaged bridge) and the denominator EDP (Rot50CDR for the repaired bridge). Interpretation of the figures requires investigation in both predicted variable vs. predictor and the numerator EDP vs. denominator EDP. In general, it can be noticed that as the IM of the observed ground Figure 6 and 7 or I01 in Figure 7 and 8) increase, the ratio of Rot50CDR increases with the marker size increasing which denotes an increase in the numerator (Rot50CDR for the damaged bridge). This goes well with the intuition that as the intensity of the previously observed ground motions increase, it causes a high amplification of the EDP due to the next ground motion as compared to the EDP of a repaired bridge caused by the next ground motion. However, this is true until the intensities of the observed ground motions are well higher than the unobserved ground motion (i.e., the next ground motion). For example, the largest and darkest dot in Figure 6 indicates that both Rot50CDR3D and Rot50CDR3ND are large. Therefore the increase in EDP due to ground motion 3 in a damaged state as compared to a repaired state of the bridge, is small. This is a case where all three ground motions possess high values of IM, and it shows that a high I01 + I02 does not necessarily lead to considerable amount of increase in EDP since the third (last) ground motion dominates the overall response of the bridge in the sequence. An opposite case can be analyzed via the two large size gray dots in Figure 6 and 7, in the case of Bridge A, which is indicative of large Rot50CDR3D but a medium or small Rot50CDR3ND. In this case, the first two or one ground motions of the sequence have caused a significant impact on the bridge leading to a damaged state which furtherleads even a huge amplification (around ten times) of EDP due to even a smaller last ground motion. Similar results can be seen in Figures 8 and 9 for Bridge B. Since Bridge B has a two-column bent, it demonstrates is a much stiffer behavior compared to Bridge A, hence, the EDPs and the ratios are not as significant as Bridge A. The large gray markers in Figure 7 and 9 can be investigated in the same manner that an already damaged bridges will suffer an amplification of 10 in the EDP due to the second ground motion. The large and dark markers with a small value of I01 in Figure 7 and 9, are representative of another mechanism where the first ground motion is benign, and the second one governs the GM1-2 sequence. Hence, a small value of the predictor I01 results in a small EDP ratio, implying that the bridge remains intact after the end of the first ground motion and bridge response due to ground motion two is similar in the damaged and not-damaged states.
RESULTS AND DISCUSSIONS
Statistical analysis is conducted by regressing the ratio of RotD50CDR of the damaged state and not-damaged state of the two groups (Rot50CDR3D/Rot50CDR3ND vs. summation of I01 + I02, and Rot50CDR2D/Rot50CDR2ND vs. I01) on the cumulative Arias Intensity (I0) of the previous ground motions of the sequence. This aims to predict the increase in the EDP due to the next ground motions if the bridge is not repaired (i.e. Rot50CDR3D and Rot50CDR2D) as compared to if the bridge had been repaired (i.e., Rot50CDR3ND and Rot50CDR2ND), as a function of the IMs of the previous ground motions that the bridge has undergone (i.e., I01 + I02 and I01). The regression of the two groups leads to an expression of the ratio of Rot50CDR3D/Rot50CDR3ND as a function of I01 + I02, and the ratio of Rot50CDR2D/Rot50CDR2ND expressed as a function of I01. As the ratio of RotD50CDR between the damaged and not-damaged cases is expected to be greater or equal to 1.0, the regression is conducted with the logarithm of the ratio of RotD50CDR as the predicted variable. Hence, the linear regression is adopted in this study by the traditional approach in the form of [16] . The form of the regression equations is given in Eq (9) and Eq (10) along with the regression coefficients listed in Table 2 . A monotonically increasing trend is captured by the regression model, and the corresponding 95% confidence interval is provided in Figure 2 and Figure 3 . Also, the statistical significance of the model parameters is checked through Hypothesis testing and based on the Null Hypothesis that the parameters are not significant, pvalues less than 0.05 suggest that the parameters of the regression model are significant. It is clear from the regression equation that when the previously observed ground motions have large I0, the Rot50CDR of the unrepaired bridge (i.e. Rot50CDR3D and Rot50CDR2D) will be significantly higher than the Rot50CDR of the repaired bridge (i.e. Rot50C,DR3ND and Rot50CDR2ND), even though the future unobserved ground motion possesses low I0. However, there can be certain exceptions (e.g. the large darkest dot in Figure 2 ) to the increasing trend such as when the previous (observed) ground motions in the sequence are intense and possess high I0, and they are followed by the last (unobserved) ground motion which is even more intense than the previous and control the overall response. This makes the ratio to fall on the right of the x-axis however, with the Rot50CDR ratio close to unity. (9) (10) Figures 6 to 9 , along with the regression equations, can be directly used by engineers in Southern California region to predict the amplification in the Rot50CDR that can occur if they decide to repair the bridge based on the IMs of previous seen one or two ground motions. This can be done by collecting the information about the last two (or one) ground motions observed under a given bridge. Summing the Arias Intensities (I0) of the previously observed ground motions, the user can enter through the x-axis of Figure 6 (or 7) or Figure 8 (or 9) and obtain the ratio of EDP of the damaged state vs. not-damaged state, and if the amplification is above a certain threshold, consider fixing the bridge. This can also be simply done through the Eq 9 (or 10) using the suggested parameters for single-column and double-column two spanned bridges. A stepped example for the usage is given below:
Step 1: Consider a bridge located at Downtown Los Angeles Area. Collect the information of the last two (or one) ground motions observed by the bridge and compute the cumulative IM value of the observed ground motions, i.e., the sum of Arias Intensities of first and second ground motion (I01 + I02) or Arias Intensity of first ground motion (I01).
Step 2: Given the cumulative IM of the previously occurred ground motions and via the use of regression models, estimate the mean EDP ratio and the corresponding 95% confidence interval. This will give an estimate of how much amplification can the engineer expect to see in the bridge response if the bridge is decided not to be fixed.
Step 3: Engineer needs to decide if the repair of the current bridge will be economical through the loss estimation. 
CONCLUSIONS
Bridge structures in California are designed and analyzed according to the Seismic Design Criteria [8] . The code specifications are based on a single event of ground motion under which the bridge structure is analyzed assuming not-damaged conditions. However, in practice, bridges undergo few substantial ground motions during their life span due to which the impact of otherwise benign ground motion can have a significant impact on their performance. In this study, two bridge structures are analyzed under a sequence of three ground motions which are randomly selected from 100 realizations of an ARIMA model fitted to the recorded data which represents the seismicity of Southern California. Four sequences are used to apply the selected ground motions. This is done based on a decision tree of repairing or not repairing the bridge after undergoing a ground motion. Through the selected sequences, the EDP of a damaged bridge is compared to that of a repaired bridge due to same ground motion. Using further statistical analysis, regression equations are proposed that can help engineers to predict the amplification of the EDP of bridges in the future event given the IMs of the previously observed ground motions if they decide not to repair the bridge. It is assumed in this study that a bridge's lifespan is equal to the time that it undergoes at most three ground motions without repair.
Based on the results of this research, bridge structures are expected to experience a larger EDP value (RotD50CDR) after undergoing consecutive ground motions compared to a repaired one which undergoes only one ground motion. A regression model is suggested to predict the EDP ratio of the unrepaired to the repaired bridge according to the IM (Arias Intensity) of the last two (or one) observed ground motions by the bridge. Conditioned that the observed ground motions were of high intensity, the bridge structure would experience large amplification (i.e., 10 or greater) of EDP after the following (i.e., unknown) ground motion if they are not repaired compared to the repaired case. The amplification of EDP in a previously damaged bridge is approximately equal to five in case the previously observed ground motions possess a moderate cumulative arias intensity. This ratio can be as high as 10 if the confidence interval of the prediction is considered. It should be noted that the models suggested in this study make predictions for the amplification ratio of the EDPs due to damaged state. Hence this needs to be used along with the updated techniques of predicting future IMs based on previously observed IMs of ground motions i.e. dependent IM hazard.
